Miscommunication may induce a high risk of unnecessary escalated fights between competitors (populations to species), resulting in selection favoring signal divergence through agonistic character displacement (ACD). When signals allowing discrimination between competitors are also involved in mate recognition, ACD could explain reproductive character displacement (RCD). We tested interference competition between males as a potential driver of RCD (here, subspecies recognition) in a secondary contact zone between two mouse subspecies (Mus musculus musculus and Mus musculus domesticus) displaying asymmetric dominance. Since such asymmetry could create a conflict between subspecies (compatibility) and quality (dominance) recognition in the contact zone, we tested for geographic variation in female preference for dominant males in the subordinate subspecies, musculus. We assessed competition between males and tested ACD during dyadic encounters comparing behavior displayed during trials between heterosubspecifics originating from populations close to the secondary contact ("contact") and further away ("allopatric"). We also compared behavior of contact versus allopatric males during homosubspecific versus heterosubspecific trials to test whether subspecies discrimination evolved under competitive interference. Although domesticus dominated most heterosubspecific trials regardless of geographic origin, agonistic behavior was more marked (i.e., lower attack latencies) during contact than allopatric encounters, suggesting that ACD occurred. Comparing behavior during homosubspecific and heterosubspecific encounters, only allopatric musculus displayed differences, that is, higher attack latencies toward heterosubspecifics, indicating that discrimination between competitors did not evolve with ACD. Finally, although allopatric musculus females seemed to prefer dominant males, their contact counterparts did not, suggesting that "compatibility" may have outweighed "quality" under a risk of hybridization.
INTRODUCTION
Interactions between individuals from distinct populations may result in new selective pressures after secondary contact. This is particularly true when independent evolution in allopatry has led to accumulation of genetic incompatibilities and to dominance asymmetry between populations still sharing a similar communication system (Pfennig, 1998) . In such contexts, reproductive interference (Gröning and Hochkirch, 2008) and selection against maladaptive mating (Dobzhansky, 1940; Abbott et al., 2013) would lead to reproductive character displacement (RCD) involving traits, such as sexual signals and preference. Interference competition between diverging populations would drive "agonistic character displacement" (ACD), a phenotypic shift induced by the negative effect of agonistic interactions on the opponents' fitness (Grether et al. 2009 ). Interestingly, signals involved in communication between competitors are commonly also involved in communication between potential mates (see Okamoto and Grether 2013; Pfennig and Pfennig 2012) , setting the stage for ACD (like RCD) to influence the evolution of recognition signals involved in species recognition and mate choice.
Bearing in mind that male performance and female preference could be context dependent (Qvarnström and Forsgren 1998; Wong and Candolin 2005; Pfennig 2007 ), traits displaying male dominance (i.e., hereafter quality) tend to be valued by females in many species (Berglund et al. 1996; Gröning and Hochkirch 2008; Grether et al. 2009 ). Further, in situations where miscommunication (i.e., signals are not interpreted properly) does not allow taxa to discriminate between one another, and the competitive abilities of their males are asymmetric, females may be attracted to males of the most competitive taxon (Pfennig 1998; Veen et al. 2001 ). Under such conditions, males of the subordinate taxon could be under greater selective pressures as they would be inferior competitors and possibly less attractive to females than are males of the dominant taxa. Such conflicts of recognition may be solved through changes in mate preference and/or signaling. For example, female choice could compromise quality for compatibility (RCD, e.g., toads, Pfennig 2000 , 2007 , and a male signal could be tuned by sexual (RCD and ACD, e.g., cichlids, Barlow and Siri 1997; Seehausen 2004 ) and/or natural (ACD, Vallin et al. 2012; Drury and Grether 2014) selection.
If interference competition in a contact zone results in ACD, and the agonistic signals are displaced and allow species recognition, RCD could sometimes be a by-product of competitive interference (Grether et al. 2009 ). We tested this idea in a house mouse hybrid zone where a pattern of RCD as a consequence of reinforcement was documented (Bímová et al. 2011; Smadja and Ganem 2005) . Indeed, RCD was reported to occur and be asymmetric in a hybrid zone between two subspecies of the house mouse (Smadja and Ganem 2005; Bímová et al. 2011; Latour et al. 2014; Smadja et al. 2015) , Mus musculus musculus and Mus musculus domesticus (hereafter musculus and domesticus), for which selection against hybridization is documented (Britton- Davidian et al. 2005; Albrechtova et al. 2012; Turner et al. 2012) . Our study system is characterized by an asymmetric dominance: male musculus being dominated by male domesticus during heterosubspecific trials (review in Ganem 2012) . We thus hypothesized that competitive interference between the two subspecies may have taken place during the secondary contact. Moreover, if competitive interference resulted in divergence of traits involved in subspecies discrimination, ACD could potentially be involved in the incipient speciation described in this system (references above). The present study tests this hypothesis for the first time. Moreover, female house mice were reported to prefer dominant males (Coopersmith and Lenington 1992; Rawleigh et al. 1993; Roberts and Gosling 2003) . Hence, asymmetry in competitive abilities could induce a conflict between subspecies and mate-quality recognition in the contact zone, leading us to test geographic variation (i.e., compare contact and allopatry) in female preference for dominant males in the subordinate subspecies, musculus.
Considering that dominance by domesticus would result in costly defeats for musculus males, selection for resource or territory acquisition (via ACD) and/or female preference (sexual selection) may have favored the best competitors among musculus in populations, found nowadays, at the border of the hybrid zone. Alternatively, musculus contact males could have evolved a strategy that allows them to avoid direct contests with domesticus (only ACD), reducing the cost of competition. Comparing male performance in the two geographical settings, that is, in presence (contact) versus in absence (allopatry) of competitive interference, we expect to detect signs of past evolution under competitive interference.
To test for ACD, we characterized male dominance and agonistic behavior during male-male dyadic encounters and compared the outcome of heterosubspecific encounters involving contact populations versus allopatric populations. If ACD occurred, we expected geographical variations: Higher agonistic behavior during contests between contact heterosubspecifics compared with between allopatric heterosubspecific if musculus evolved a dominant strategy in the contact zone, and the opposite if it evolved a subordinate strategy (Vallin et al. 2012) .
To test whether ACD in the contact zone influenced interactions between allopatric and contact populations of the same subspecies, we compared behavior of each population during homosubspecific versus heterosubspecific encounters. If signals involved in competition were also involved in between-subspecies discrimination, we expected that contact populations (i.e., those impacted by ACD) would behave differently during homosubspecific compared with heterosubspecific trials, and that allopatric populations would not show such differences, a pattern predicted if competitive signals are involved in mate discrimination (Grether et al. 2009 ).
Finally, because dominant males are more attractive to house mouse females in general, we expected female musculus to be exposed to a recognition conflict when encountering males of the two subspecies simultaneously, dominant males being mostly of the other subspecies. The conflict between male quality and subspecies recognition was assessed in two-way choice tests by comparing the preference of allopatric and contact musculus females for dominant versus subordinate musculus males. In response to such conflict, we expected musculus females not to favor dominant males in the contact zone, thereby decreasing the risk of engaging in disassortative mating.
MATERIALS AND METHODS

Mouse origin and housing
All mice involved in this study were descendants of wild mice trapped in Jutland, Denmark, exclusively indoors, in October 2010 and June 2011 (Latour et al. 2014) . We sampled contact mice at the northern and southern edges of the hybrid zone (circles on Figure 1 ). Contact mice were identified on the basis of their genotypes (very little introgression, for methods see Latour et al. 2014) and of their behavior, that is, displaying a homosubspecific preference (Latour et al. 2014; Smadja et al. 2015) . The hybrid zone has an asymmetric shape, contact domesticus mice being at a shorter distance from the centre of the hybrid zone than contact musculus (Raufaste et al. 2005; Latour et al. 2014) . Nevertheless, allopatric populations of each subspecies were equally distant from contact populations of the same subspecies, approximately 40 km away (squares on Figure 1 ). Allopatric populations were identified on the basis of their distance from the hybrid zone and their behavior: not displaying a preference when presented with stimuli of the two subspecies (Latour et al. 2014) . Mice sampled in different trapping sites but from the same origin ("musculus allopatric," "musculus contact," "domesticus allopatric," or "domesticus contact"; Figure 1 ) were considered as one population in this study. Tested mice were second-to fifth-generation progeny of wild-trapped mice established as a laboratory colony following an outbreeding scheme within each population category. Mice of the same subspecies were kept in the same room but different to the other subspecies. Like their wild parents, laboratory-born contact mice also displayed assortative preference Latour et al. 2014) .
Mice were housed under controlled conditions with a 12:12 photoperiod (lights on between 5 AM and 5 PM) and food and water were available ad libitum; pups were kept for 24 days with both parents before weaning, and sibling females were separated from their brothers 7 days later. The mice were housed in pairs of non-sibling males and females for a minimum of 1 week prior to their participation to an experiment so that they were all sexually experienced. Each mouse was tested once, though some males tested during male/male encounters were used as stimuli in the female choice experiment.
Characterization of male agonistic behavior
We performed dyadic encounters during which dominance and agonistic behavior were assessed. The encounters took place in a device described in Figure 2 , and the experimental procedure was as follows. Two males were transferred from their cages to small boxes (n°1) which were connected to larger ones (n°2) with a sliding door that was opened so that the mouse could explore the larger box. The two large boxes were separated from each other by a double partition (P). The ears and tail of one of the males were marked with white water-based paint, and the identity of both mice was unknown to the observer. Each male was allowed a 30-min period to become familiar with the apparatus and to scent mark the area. This behavior that we stimulated by the presence of its female partner (i.e., a female with which the male was housed prior to and after the experiment) in adjacent perforated boxes (Figure 2, boxes n°3 ) through which the mice could see and sniff each other. After this habituation period, the males were returned to their initial small boxes (n°1) and the two partitions separating the two large boxes (n°2) were removed. Recording started when the two doors of the initial boxes (n°1) were removed and lasted a maximum of 20 min. The small initial boxes (n°1) remained open during the experiments and were often used as a retreat by subordinate males when attacked. An encounter was stopped earlier (53 of the 98 encounters, details in Table 1 ) if we observed high aggression (biting attempts) between the males or prolonged harassment of a subordinate mouse (i.e., the dominant mouse was aggressively approaching the subordinate, which was hiding in box n°1). All the experiments were filmed (Sony HDR-CX130E camera), and the behavior of males was live scored by an observer positioned 2 m away from the apparatus, using the Observer 5.0.31 software (Noldus, 1991) .
Female preference
The mate preference of allopatric and contact musculus females was assessed in two-way choice trials, during which they could interact freely with a dominant and a subordinate male. The male pairs were selected after dyadic encounters between mice of the same population and subspecies, a few hours before the preference tests. The dyadic encounter protocol was similar to the one described above except that it lasted a maximum of 5 min. Two criteria were to be met for dominance to be assigned and a male pair to be involved in the preference test: a clear dominance of one of the opponents, characterized by a short attack latency (i.e., the first to attack within the first 100 s of the encounter), and display of multiple attacks with no reciprocation from the subordinate.
The choice test apparatus was made of transparent Plexiglas and consisted of three boxes connected by a Y-shaped 4 cem diameter 
Figure 1
Geographical origin of mice involved in this study indicating the trapping sites in Jutland (Denmark). Geographic North is indicated with a white arrow. The bold black line represents the genetic center of the hybrid zone, that is, characterized by a steep transition of sex chromosome markers (Raufaste et al. 2005) . Allopatric sites are represented by squares, contact ones by circles, and recombined hybrids by diamonds. Mus musculus domesticus range is South of the genetic center (grey circles and squares), whereas Mus musculus musculus range is North of this centre (white symbols).
The Plexiglas apparatus used during dyadic encounters (picture taken during the habituation phase). M: male mice, one of the two opponents (here on the left) was marked with water-based white paint on the tail and the ears; F: female mice. The apparatus was composed of two symmetric sides A & B, composed of three boxes each: boxes n°1 (A1 and B1, 10 cm 3 ) were removable and could be closed with small doors (open and not visible on the picture) to introduce, remove, or isolate males from boxes n°2. Boxes n°2 (A2 and B2, 40 × 40 × 30 cm 3 ), were the main areas where males could move, meet each other after the removal of the partition (P), and partially interact with their females enclosed in boxes n°3 (A3 and B3, 21 × 13 × 13 cm 3 ) via 1 cm diameter holes. During habituation, the female and the male on the same side of the apparatus originated from the same cage in which they were housed as a pair. Soiled litter from the original cage was sprinkled into experimental compartments of the male and female, and their nest was placed in the female cage.
tube (Nunes et al. 2009 ). The males (unfamiliar to the females and from the same population) were placed in the two peripheral boxes and were restrained in their box with cable tie, 2.5 cm long, wire collars (Thonhauser et al. 2013b ). The boxes contained clean bedding, three food pellets (ca. 3 g), and a piece of apple as a source of water. A female (different population to the males) was introduced into the apparatus through the central box and could freely investigate the entire apparatus including the male boxes. The males were collared and introduced into their boxes at least 1 h before the choice trials which allowed them to become accustomed to their collar and to the test apparatus. None of the males or the females displayed any abnormal behavior due to the collar during these experiments.
Choice tests were recorded for 15 min, starting when the female initiated the first interaction with one of the males. All tests were filmed, and data scored from video recordings, with the observer being blind to the dominance status of the males.
Experimental setup
Does ACD occur in the Danish hybrid zone?
Here, we aimed to address changes in behavior that could affect either or both the outcome and intensity of dyadic encounters and be interpreted as ACD. For this, we characterized and compared heterosubspecific encounters between allopatric mice with those between contact mice, that is, musculus allopatric versus domesticus allopatric (n = 27) and musculus contact versus domesticus contact (n = 28).
Do mice adjust their agonistic behavior to the opponent subspecies identity?
Here, we addressed two specific questions: 1) does the opponent's subspecies identity influence male behavior and 2) has subspeciesspecific competitor recognition evolved in contact populations? In order to answer these questions, we characterized male behavior during interactions with homosubspecific opponents: musculus allopatric versus musculus contact (n = 26) and domesticus allopatric versus domesticus contact (n = 24). For each category, for example, allopatric musculus, we compared behavior displayed toward a homosubspecific to that displayed toward a heterosubspecific (first set of experiments). If subspecies discrimination occurred, we expected, for example, contact domesticus to behave differently when they encountered contact musculus than when they encountered allopatric domesticus. Further, if patterns of discrimination were detected among contact and not among allopatric males, it could have been an indication that competitor recognition evolved in the contact zone and could potentially influence subspecies recognition.
Is there a shift in female preference for male quality? Female preference for a male quality trait (dominance) was assessed in allopatric and contact musculus during choice tests between dominant and subordinate homosubspecific males (n = 15 tests for each population). We know that male dominance rank can be detected by female mice based on volatile components produced by the males (Novotny et al. 1990 ). Further, based on the literature, we expected allopatric females to prefer dominant males (Thonhauser et al. 2013a ) and predicted that contact females would show lower or no preference for dominant males, as this preference could lead to heterosubspecific mating.
Because musculus is subordinate to domesticus, we expected that musculus females would experience a conflict in recognition between mate compatibility and quality, so only this subspecies was tested here.
Ethical note
This study followed the ABS/ASAB guidelines for the ethical treatment of animals. Specifically, it was performed after authorization of the relevant ethical committee (agreement n°CEEA-LR-12149). We were particularly committed to limit the number of mice tested, to provide our tested animals with enriched environment, and to reduce their stress as much as possible: 1) the dyadic trials apparatus were equipped with a retreat space that a mouse could use and that allowed it to avoid any unwanted interaction with the opponent; 2) when an opponent persisted in "harassing" the subordinate animal at the entrance of the retreat box, the trial was stopped and the mice were returned to their home cages with their females; 3) all male encounters took place in the presence of visual and olfactory contact with their female; 4) all males seemed to adapt quickly to their collars; and 5) we did not notice any abnormal behavior among the mice during and after completion of our study (e.g., all mice reproduced).
Data analysis
Variables Male agonistic behaviors. During male-male dyadic encounters, we recorded the following agonistic behaviors: 1) offensive: attack latency and duration of attack (including fight and chase) and threat; 2) defensive: duration of defense (including escape and submissive postures) and avoidance (i.e., avoids approaching opponent or stays in box n°1 to avoid attacks). Given that encounter duration varied across individuals (see above and Table 1 ), variables analyzed in this study, except latencies, were expressed as a relative ratio of duration of one or a group of behavioral items over the total duration of the encounter.
As body weight could be an important parameter influencing dominance, males were weighed before each experiment. To limit the impact of large weight differences on agonistic behavior, we excluded dyads with a weight difference >5 g. Notwithstanding, the difference between the two opponent's weights was still included in all analyses as a covariate.
For each male, we calculated an individual dominance index (IDI) as the percentage of time spent in agonistic offensive behaviors; our measurement accuracy was ±1 s. For each encounter, the male with the highest IDI was considered dominant, the one with the lowest IDI as subordinate; if the IDI value was equal for the two males (i.e., 1 s or less difference), we considered that none of them was dominant. Attack latency, which was shown to be linked to dominance, is expected to vary among individuals, with most et al. 1992) . Here too, attack latency appeared to be a good predictor of dominance. Indeed, the males that attacked first were dominant in 67 of the 84 encounters in which the two opponents did not attack simultaneously (exact binomial test: P = 3.49e-08). We used the wording "encounter attack latency" for the first attack observed during an encounter and "male attack latency" when referring to the first attack of a specific male.
Female preference.
We observed and recorded the following female behaviors during two-way choice tests: 1) position, that is, time spent in each side of the Y maze (male boxes and branches leading to these boxes); 2) duration of olfactory investigation of the male's nose (hereafter: nose); 3) time spent sniffing other parts of the male body (head and genitals); 4) duration of reciprocal body sniffs (excluding nose); 5) sexual behaviors: intromission attempts by the male, either accepted or followed by the female's escape or aggression; and 6) duration of the female's agonistic behavior (attack, defense, and avoidance). Sexual and agonistic interactions were rare and occurred in less than half of the tests, so we discarded those behaviors from the analysis. We observed that the duration of nose-to-nose interactions could be greatly affected by the males' own interest in the female (i.e., its presence at the box entrance when the female attempted to enter the box), hence we considered it to be a poor indicator of female sexual preference and removed this behavior from the analysis as well.
Statistical analysis
Statistical analyses were performed with both JMP 10 (SAS Institute Inc., Cary, NC) and the 2.15.0 version of the R software (R Development Core Team 2012); permutational multivariate Anovas (i.e., permanovas) were implemented with the Adonis function of the Vegan package (Anderson 2001; Oksanen et al. 2013 ). We used Euclidean distances to calculate the dissimilarity matrix for the permanovas (Legendre and Legendre 1998) . The values of P in the permanovas were always based on 10 000 permutations to increase precision.
When relevant, we applied the Bonferroni sequential procedure to adjust the significance level of the tests.
Male agonistic behaviors.
We compared the different populations and subspecies based on dominance (which is deduced from intensity of offensive behavior IDI within a dyad) attack latency and offensive behavior (i.e., duration of attack, defense, threat, and avoidance behavior).
We used a logistic regression to test whether the subspecies identity of the dominant mouse differed during contact versus allopatric heterosubspecific encounters, with weight differences between the two opponents as a covariate. Further, using a binomial test, we assessed whether one of the subspecies (musculus vs. domesticus) or origin (allopatric vs. contact) dominated more often. Based on earlier results (studies reviewed in Ganem 2012), we expected domesticus males to be dominant over musculus, so the binomial tests were one tailed. Finally, using an Ancova, we tested whether encounter attack latencies were shorter during contact when compared with allopatric heterosubspecific contests, with the males' weight difference as a covariate. We checked that the data residuals were homoscedastic.
To assess discrimination, we tested whether the agonistic behaviors differed when directed toward a homosubspecific versus toward a heterosubspecific. For this, we had to consider the behavior of each mouse individually and control for dependence between mice involved in the same encounter. This constraint resulted in four distinct permanovas, one per population (musculus allopatric, musculus contact, domesticus allopatric, and domesticus contact) controlling for male weight (covariate).
Female preference.
We used Wilcoxon's sign ranked tests to compare time spent in one or the other side of the apparatus. We analyzed variation of female preference (duration of sniffs when only performed by females and reciprocal sniff) with male status (dominant/subordinate) and female origin with a blocked permanova considering male weight as a covariate and trial as the blocking factor (i.e., pairing the time spent by a focal female with the dominant and the subordinate mouse). To analyze the direction of preference, we performed permanovas separately for allopatric and contact females.
RESULTS
Does ACD occur in the Danish hybrid zone?
We compared the outcome of heterosubspecific trials between contact versus between allopatric mice. Most encounters between the two subspecies were dominated by domesticus males (Table 2 ). This pattern is consistent for allopatric and contact trials (logistic regression model, degree of freedom [df] = 3, chi square [χ 2 ] = 5.83, P = 0.12; likelihood ratio χ 2 test for "origin," P = 0.33), although influenced by the weight difference between males ("weight difference [origin]", P = 0.055). Closer examination of weight differences indicated that, in average, domesticus was heavier than musculus, although this weight difference was significantly more marked when domesticus dominated the heterosubspecific encounter than when it was musculus (Anova with weight differences as a covariate: "dominant subspecies," df = 1,50, F = 4.52, P = 0.038). Nevertheless, the pattern of weight difference variation was consistent in contact and allopatric encounters ("origin" df = 1,50, F = 2.26, P = 0.14; "origin × dominant subspecies" df = 1,50, F = 0.004, P = 0.95).
Encounter attack latencies during heterosubspecific trials were on average smaller when the trials involved contact mice than when they involved allopatric mice (Figure 3 , Ancova: "origin [dominant subspecies]" df = 2,49, F = 3.65, P = 0.03, see complete output in Table 3 ). Interestingly, post hoc comparisons testing whether both subspecies displayed a lower level of attack latency in contact versus in allopatry when they dominated the trials did not detect differences among musculus (post hoc contrast test, t = −0.227, P = 0.82), whereas, in domesticus, contact mice displayed significantly lower The last column shows the P values of one-tailed binomial tests of the probability that domesticus is more frequently dominant over musculus.
attack latencies than their allopatric counterparts during heterosubspecific trials (post hoc contrast test, t = 2.72, P = 0.009). Unlike during heterosubspecific encounters, the distribution of dominance among allopatric and contact mice during homosubspecific contexts did not differ from random (musculus: dominance allopatric/contact = 15/10, n = 26, no dominance in one of the encounters, bilateral binomial test: P = 0.424; domesticus: dominance allopatric/contact=10/13, n = 24, no dominance in one of the encounters; P = 0.565), suggesting that evolution after secondary contact did not result in an increase in the frequency of dominant males in musculus or domesticus.
Do mice adjust their agonistic behavior to the opponent subspecies identity?
To address this question, we compared, for each population category, behavior during homosubspecific versus heterosubspecific trials. Permanovas comparing the five agonistic behaviors displayed by males in four populations during the two types of trials did not show marked differences (four permanovas, alpha corrected for multiple testing = 0.0125: musculus allopatric n = 52, F(1, 50) = 4.57, P = 0.04; musculus contact n = 53, F(1, 51) = 0.45, P = 0.51; domesticus allopatric n = 44, F(1, 42) = 0.61, P = 0.44; domesticus contact n = 44, F(1, 42) = 0.81, P = 0.37; Table 4 ). However, the nonsignificant trend shown by musculus allopatric mice could be due to their significantly lower attack latency during trials between homosubspecifics when compared with heterosubspecifics (Ancova, F(1, 50) = 11.48, P = 0.005; Table 5 ).
Is there a displacement of female preference for male quality?
This test only concerned the subordinate subspecies, musculus. The two female types (allopatric, contact) spent on average the same time in the dominant and subordinate male sides of the Y maze (position index, Wilcoxon tests: allopatry P = 0.36; contact P = 0.84, comparison Attack latency (log transformed) and weight difference variations of opponents during allopatric (A) heterosubspecific trials (n = 27) and contact (C) heterosubspecific trials (n = 28). Shaded surfaces indicate confidence areas of lines of adjustment for each trial category. The difference between the opponents' weight was included as a covariate in the analysis (see Figure 3) . Table 4 Permanovas testing whether mice adjust their agonistic behavior (duration of attack, defense, threats and avoidance, and male attack latency) to the opponent subspecies identity (hetero/homo) Weight difference between opponents was included in the analysis as it could influence agonistic behavior. *Alpha threshold with Bonferonni correction = 0.0125.
between the two origins P = 0.30), being strongly influenced by the exploratory behavior and motivation of females to obtain the food present in cages of both males. A permanova comparing the duration of sniff and reciprocate sniff with the subordinate versus the dominant male did not show any effect of male status (see Table 6 ). However, allopatric and contact females tended to treat the two types of males differently ("origin" P = 0.08, Table 6 ), and the male weight difference tended to influence the duration of female sniff/reciprocate sniff (P = 0.07). Nevertheless, the influence of male weight was not confirmed when analyzing female preference separately for the two type of females (Table 7) , and allopatric but not contact females were discriminating between males (Table 7, Figure 4 ).
DISCUSSION
It was recently argued that RCD could be an indirect result of agonistic interference (Grether et al. 2009 ). Indeed, both agonistic and reproductive interference between populations and species can influence the evolution of traits involved in mate choice (Gröning and Hochkirch 2008; Vallin et al. 2012; Grether et al. 2013; ) . The present study assessed whether between-subspecies agonistic interactions could have influenced signal divergence and the evolution of assortative mate preference in populations from the Danish part of the house mouse hybrid zone (Smadja and Ganem 2002; Ganem et al. 2008; Smadja and Ganem 2008; Smadja et al. 2015) . Because patterns of competitive interactions strongly depend on an accurate assessment by a mouse of the risk of agonistic escalation when encountering a competitor, we expected recognition of agonistic signals to evolve in contact zones. In addition, if the evolution of agonistic signals drove subspecies mate recognition, agonistic interference could have contributed to the evolution of reproductive character displacement in the house mouse (Grether et al. 2009 ). We investigated the agonistic interactions between males of the two subspecies and targeted two traits that could have impacted on their fitness when they first met: intensity of agonistic behavior (here attack latency), which can relate to the amount of energy invested in a fight and the probability of injury (different costs for dominants and subordinates); and dominance, which determines the benefits of fighting (generally nil for the subordinate). Further, with domesticus being most of the time the dominant subspecies, we assumed that musculus contact females could have experienced a conflict between male quality and compatibility recognition during mate choice (Pfennig 1998) . Consistent with the literature, most domesticus males from both the contact zone and allopatry dominated musculus males, indicating that competition interference could have taken place when the two subspecies met and could have impacted their evolution in the contact zone. Trials involving contact heterosubspecifics showed higher aggression (shorter attack latency) than those involving allopatric heterosubspecifics, which is consistent with ACD. Further, in comparisons of the four population categories during the heterosubspecific trials, it appeared that ACD was more visible in domesticus than in musculus. Hence, we did not detect higher performance (i.e., dominance) of the subordinate subspecies nor avoidance of agonistic escalation in contact musculus suggesting that, if such encounters took place in nature, musculus would engage in aggressive interactions possibly inducing high energetic cost. Our results also suggest that contact domesticus too will experience higher energetic costs (compared with allopatry) to achieve dominance (e.g., shorter attack latencies) because musculus contact males did not appear to avoid aggressive interactions despite their, mostly, subordinate status.
If ACD impacted subspecies recognition and hence RCD, we expected contact mice to adjust their behavior to the subspecies identity of their opponent. However, contact mice of the two subspecies appeared to treat both homosubspecific and heterosubspecific opponents similarly. Unexpectedly, only allopatric musculus Heterosubspecies encounters involved either contact or allopatric opponents of the two subspecies, homosubspecies encounters were between contact and allopatric males of the same subspecies. The column headed "statistic" reports results of an Ancova, testing the effect of type of encounter (the opponents' weight difference was included as a covariate but was never significant). *Alpha threshold with Bonferonni correction = 0.0125. adjusted their behavior, showing higher attack latencies (i.e., lower aggressiveness) during heterosubspecific than during homosubspecific trials. Allopatric musculus were hence discriminating between males of the two subspecies and probably assessed their inferior status by avoiding potentially costly aggressive interactions. The fact that contact musculus were not as discriminating suggests that evolution in the contact zone, under agonistic interference, did not result in signal divergence between the subspecies (but rather the opposite, see below), unlike expected if ACD influenced RCD. Our results are consistent with a recent study showing that interference competition and mate choice could target different traits in Haeterina (Drury and Grether 2014) . Allopatric domesticus did not discriminate between opponents of the two subspecies, suggesting that when the two subspecies first met, musculus males were treated by domesticus as homosubspecific competitors which may have exerted a selective pressure on musculus to evolve aggressive resistance, for example, the different phenotypes displayed by contact and allopatric musculus. Male-male encounters, as staged in our experiment, may be frequent during colonization of new sites where none of the males is resident and between two resident males at the border of established territories. One may expect that in the presence of both reproductive and agonistic interference when the contact zone was formed, selection could have favored convergence of agonistic signals facilitating a form of resistance of musculus to domesticus attacks (Tobias and Seddon 2009) . The decision to withdraw during agonistic encounters is based on either or both the assessment of an individual's own competitive ability (resource-holding potential [RHP] ) and/ or the RHP of its opponent (Arnott and Elwood 2009; Hardy and Briffa 2013) . Our results suggest that either RHP is not estimated accurately by contact musculus or the aggressive response to domesticus males by contact musculus has a benefit. We did not find that female preference (i.e., sexual selection) could have favored the best competitors among musculus in contact populations. This suggests that not being dominant does not reduce the attractiveness of musculus contact males to females and that although a dominance hierarchy persists between the males, it may not be maintained by female choice. Besides, maintenance of high aggressiveness in musculus during encounters with domesticus may be adaptive if it allows musculus to outcompete or resist to the hybrid populations that currently separate the two subspecies in Denmark (Latour et al. 2014; Raufaste et al. 2005) . The latter would be particularly true if the natural recombined hybrids are as aggressive as F1 laboratory hybrids were shown to be (Volfová et al. 2002) . Future studies could investigate this hypothesis.
Unlike their contact counterparts, allopatric musculus females preferred dominant males, suggesting that sexual selection would impact the males in the two types of populations differently. Absence of preference in contact musculus females for dominant males could be interpreted as an adaptive response if female musculus experienced contrasting information (quality/compatibility) in the contact zone, which is expected if ancestral contact populations were similar to present-day allopatric populations. Our results are consistent with the findings in a spadefoot toad contact zone showing that females would compromise male quality to ensure compatibility (Pfennig 2000) but not with studies reporting that competition induced stronger selective pressure on signal divergence than mate selection, for example, pied flycatchers (Vallin et al. 2012) . Our study further confirms that the relative importance of selection acting on these traits could vary greatly depending on the study model (see also Anderson and Grether 2010; Drury et al. 2015) .
CONCLUSIONS
We examined whether interference competition could be a driver of species-specific signal divergence and recognition in a house mouse secondary contact zone. Although ACD occurs, it does not seem to constrain the intensity of competition between the two subspecies (which appeared more intense) or to involve between-subspecies signal divergence that could be used to discriminate between competitors and mate recognition. Our study also indicates that when dominance conflicts with compatibility (subspecies identity), contact musculus mice may not use dominance as a mating cue. Overall, our study strongly suggests that competitive interference may not be a potential driver of subspecies recognition and that RCD in the house mouse, as supported in other studies Smadja and Ganem 2005) , is a more plausible mechanism driving subspecies recognition in our study model. 
